The possibility of eliminating spatiotemporal chaos and spiral waves by weak spatial perturbations in a spatially extended dynamical system is demonstrated numerically through the example of a wide-aperture laser. The time-independent weak spatial perturbation can effectively migrate the system from the state of spatiotemporal chaos or spiral waves to that of traveling waves. The threshold and the controllable range of the control parameters are given. By varying the amplitude or the spatial wave vector of the perturbation, drastic changes in the spatiotemporal dynamics are found.
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PACS number͑s͒: 05.45. Ϫa, 42.65.Sf, 47.54.ϩr Spatiotemporal chaos and spiral waves exist extensively in dynamical systems with spatial extension, such as cardiac tissue, the Belousov-Zhabotinsky reaction, hydrodynamical systems, and optical systems. In some cases spatiotemporal chaos and spiral waves are undesirable because of their harmfulness. For example, a strong tornado can do great damage to human beings; fibrillation in the ventricular myocardium causes fatal cardiac diseases. Therefore, an effective way of eliminating them is highly desirable. Since the first suggestion of controlling chaos by Ott, Grebogi, and Yorke ͑OGY͒ ͓1͔, considerable research has been focused on this field of controlling both temporal ͓1-14͔ and spatiotemporal chaos ͓15-20͔. The method developed to control temporal chaos can be classified into three main schemes: discrete feedback ͓1-5͔, continuous feedback ͓6,7͔, and weak periodic perturbation ͓8-14͔. Early efforts toward suppression of spatiotemporal chaos were made by the extension of the OGY algorithm ͓15,16͔. Later Lu et al. ͓19͔ extended the delayed feedback method suggested by Pyragas ͓6͔ to control spatiotemporal chaos in an optical system. Martin et al. ͓20͔ suggested a Fourier space method to control unstable patterns in a mean-field model for a two-level medium in an optical cavity. Hochheiser et al. ͓21͔ applied a spatial filter with delayed feedback to a wide-aperture laser model for controlling optical turbulence. Phase Fourier filters were also used in manipulating spatiotemporal dynamics in a spatially extended nonlinear optical system with a feedback ͓22͔. Mamaev and Saffman ͓23͔ and Jensen et al. ͓24͔ experimentally suppressed optical turbulence by Fourier plane filtering. On the other hand, controlling spiral waves has also attracted much attention recently ͓25͔ due to its great potential applications. Herein, we wish to find out whether a timeindependent weak spatial perturbation, which has been successfully used to stabilize, select, and track unstable spatial patterns both theoretically ͓26͔ and experimentally ͓27͔, can eliminate spatiotemporal chaos and spiral waves in a spatially extended dynamical system. In this work the spatial perturbation method is used to control spatiotemporal dynamics which do not exist in the system of Ref. ͓26͔ where all the patterns are time independent. Although our method is intrusive because more or less variations are introduced compared to the original system and the perturbation does not disappear, it is a powerful way of controlling spatiotemporal dynamics from the point of view of practical usefulness due to its experimental feasibility.
For a demonstration of our method, we use a coherently optically pumped two-level laser model which has received considerable attention in the investigation of chaotic dynamics ͓28͔. The spatially extended laser system is described by the normalized Maxwell-Bloch equations with transverse coupling through diffraction:
where E, P, and D are the electric field, atomic polarization, and population inversion, respectively, ٌ Ќ 2 is the twodimensional transverse Laplacian, and b are the damping rate of the electric field in the cavity and the damping rate of the population inversion, respectively, normalized to the damping rate of the atomic polarization, ␦ is the detuning between the electric field and the resonator, and R is the pump parameter. Considering experimental feasibility, we apply a spatial perturbation to the pump. The perturbed pump can be written as
where R 0 is the unperturbed pump, ␣ is the amplitude of the perturbation, and f (r) is the two-dimensional spatial perturbation function with an amplitude of unity. In order to keep the perturbation weak, the perturbation amplitude ␣ should be much smaller than 1. In cases without spatial perturbation, previous theoretical and experimental studies ͓29͔ in lasers and nonlinear optical systems have shown that these spatially extended optical systems ubiquitously possess spatiotemporal chaos and spiral waves. We wish our perturbation function in Eq. ͑4͒ to have a taming effect on spatiotemporal , which is the spatial part of a traveling wave, where k is the wave vector with a magnitude of kϭ͉k͉.
The results that we will present were obtained by numerically integrating Eqs. ͑1͒-͑3͒ with the spatially perturbed pump defined in Eq. ͑4͒. The integrations were performed using a split step spectral method on a 64ϫ64 grid with a box size of 16. We fix the parameters ϭ3 and bϭ1. A typical result of eliminating spatiotemporal chaos is shown in Fig. 1 , where the real part of the field is presented in gray scale. Figure 1͑a͒ is the spatiotemporal chaotic state before the spatial perturbation is exerted on the system. From the successive Figs. 1͑b͒, 1͑c͒ , and 1͑d͒ obtained after the spatial perturbation is exerted, we can see that the spatiotemporal chaos is effectively eliminated and a uniform traveling wave is finally obtained. The amplitude of the perturbation used is ␣ϭ0.045. In this case, the threshold value for the amplitude is around ␣ th Ϸ0.032. If the value of ␣ is smaller than ␣ th the spatiotemporal chaos cannot be eliminated. The spatial power spectra of the field corresponding to Fig. 1 are shown in Fig. 2 , from which we can clearly see that all the chaotic components disappear gradually after the spatial perturbation is exerted and finally only the component of the traveling wave can be found. Figure 3 shows the local temporal wave forms of the real part and the intensity of the field at the center of the integration box. As expected, the real part and the intensity of the field become periodic and constant, respectively, after the system has migrated to the traveling wave state because of the spatial perturbation. A typical result of eliminating spiral waves is shown in Fig. 4 , with the corresponding spatial power spectra shown in Fig. 5 . Figures  4͑a͒ and 5͑a͒ show the original spiral wave without spatial perturbation. We can see that the rotation of the spiral wave is first broken by the spatial perturbation and a pacemaker appears at the position of each spiral core at an early stage of the elimination ͓Fig. 4͑b͔͒. Gradually, only the local defect at the position of the original spiral core that is most robust exists ͓Fig. 4͑c͔͒. Finally, the system asymptotically evolves to the final traveling wave state ͓Fig. 4͑b͔͒ with a single spatial Fourier component ͓Fig. 5͑d͔͒. The amplitude of the spatial perturbation used is ␣ϭ0.045. In this case the threshold value of the amplitude of the spatial perturbation for eliminating the spiral waves is around ␣ th Ϸ0.035, and ␣ must be larger than ␣ th in order to eliminate the spiral waves.
In order to explore the global responses of the system to the spatial perturbation, we systematically studied, in detail, the spatiotemporal dynamics in the plane of the control pa- FIG. 3 . Wave forms of the local field at the center of the integrating box: ͑a͒ Real part without spatial perturbation ͑spatiotem-poral chaos͒, ͑b͒ real part with spatial perturbation ͑traveling wave͒, ͑c͒ intensity corresponding to ͑a͒ and ͑d͒ intensity corresponding to ͑b͒. The parameters are the same as in Fig. 1. rameters ͑the amplitude ␣ and the magnitude k of the wave vector of the perturbation signal͒. We find that in a large range of ␣ and k the spatiotemporal chaos and spiral waves can be effectively eliminated and the system migrates to a traveling wave state ͑we say it is controllable͒. For each k value there exists a threshold ␣ th of the perturbation amplitude ␣. Only when ␣Ͼ␣ th is the system controllable. Below ␣ th the traveling waves become unstable ͑the Eckhaus instability͒. The threshold ␣ th is dependent on the value of k, but stays small in the whole controllable range of k. For example, for ␦ϭ0.25 and R 0 ϭ1.8, we get ␣ th Ϸ0.02 for k ϭ1.729 and ␣ th Ϸ0.03 for kϭ2.074. For ␣ϭ0.033, the controllable range for k is between 1.095 and 2.535. We thus see that even in the case of a very small perturbation amplitude the control is successful in a large range of k. For large ␣ values, we find that there exists an upper limit ␣ UL of ␣ for each k. For example, we get ␣ UL Ϸ0.198 for kϭ2.074. Defect-mediated turbulence appears above this limit. It is interesting to show the dependence of the magnitude k o of the wave vectors of the controlled traveling waves on the control parameters ␣ and k in the controllable region. Some results are shown in Fig. 6 . It is seen that they are nonmonotonic and the value of k o is not the same as that of k. These results demonstrate how a time-independent spatial perturbation, even if relatively weak, can change the dynamics of the system in a drastic fashion-spatiotemporal chaos and spiral waves can be eliminated, stable traveling waves can be obtained, and nonmonotonic behavior of k o versus k and ␣ emerges. Similar phenomena were found in the temporal stabilization of multimode solid state lasers by using small periodic modulations ͓14͔. The mechanism can be understood as follows. Because the spatiotemporal dynamics is extremely sensitive to variations of the system parameters, a very weak perturbation to one of the system parameters can effectively migrate the spatiotemporal chaotic state to a periodic one. On the other hand, if the perturbation is too strong ͑e.g., the amplitude of the perturbation signal is comparable to that of the laser output͒ the external force will compete with the intrinsic dynamics. This competition induces new instabilities.
In conclusion, we have shown that a weak spatial perturbation can effectively eliminate spatiotemporal chaos and spiral waves. With the example of a wide-aperture laser system, we have demonstrated that a time-independent spatial perturbation migrates a spatially extended dynamical system from a state of spatiotemporal chaos or spiral waves to a uniform traveling wave state. These results may present a clue to understanding why tornadoes are usually and more easily born in plains ͑because fewer spatial perturbations exist there͒ and suggest construction of proper obstacles on the ground, as weak spatial perturbations, to eliminate them. Due to the experimental feasibility of realizing spatial perturbations, this method may also be used to eliminate fatal cardiac fibrillation, which is widely believed to be the breakup of a spiral wave of electrical activity into multiple spirals leading to a spatiotemporal chaotic state ͓30͔. Therefore, our spatial perturbation method of controlling spatiotemporal dynamics is of general relevance and great importance. This research was supported by the National Natural Science Foundation of China.
